In this study photo-actuator hydrogels operating in neutral environments were generated using N-isopropylacrylamide-co-acrylated-spiropyran-co-acrylic acid, p(NIPAAM-co-SPA-co-AA) copolymer, in a 100-1-5 mole ratio. Acrylic acid dissociates in neutral environments, triggering spiropyran (SP) moiety conversion to the more hydrophilic protonated merocyanine form (MC-H + ). MC-H + allows water uptake, causing hydrogel expansion. Exposure to white light causes the expanded hydrogel to contract due to the photonic-conversion of MC-H + to the more hydrophobic SP form. Different ratios of deionised water: organic solvent (tetrahydrofuran (THF), dioxane and acetone) were used as the polymerisation solvent. Varying the polymerisation solvent mixtures resulted in hydrogels with different pore sizes and therefore different swelling/shrinking properties and photo-actuation kinetics.
INTRODUCTION Background
In previous studies, photo-responsive hydrogels have been synthesised by co-polymerisation of NIPAAM with SP derivatives. To induce re-swelling of these hydrogels external protonation was required [1] . This approach has significant disadvantages such as: 1) the need to expose the contracted gel to strong external acidic solutions (at least pH 3), in order to induce protonation-triggered re-swelling, 2) slow re-swelling times of up to several hours, making it difficult for this type of hydrogel to be easily reusable. These disadvantages have restricted the use of p(NIPAAMco-SP) photo-actuated hydrogels to applications that employ single-use methods only.
To overcome these disadvantages, an internal source of protons was introduced. Recently, acrylic acid (AA) has been incorporated as the internal source of protons, removing the restriction of the external acidic environment requirement [2] . In water, the AA comonomer spontaneously dissociates, resulting in the protonation of the photochromic SP to the protonated merocyanine MC-H + form ( Figure 1) . The MC-H + form is hydrophilic, allowing the water to diffuse into the hydrogel resulting in hydrogel expansion. Exposure to white light promotes isomerisation of the MC-H + form to the hydrophobic SP form, which triggers water release accompanied by physical contraction of the hydrogel. The polymerisation solvent has been shown to directly influence the morphology of the hydrogel, by producing porous hydrogels of different pore sizes [3] . This can greatly impact the diffusion path length of water molecules moving in/out of the hydrogel matrix, thus influencing the swelling and shrinking kinetics of the hydrogel during photoactuation [4] .
Description of the new system
In this work the polymerisation solvent mixture was varied (THF: DI water, dioxane: DI water and acetone: DI water, respectively) and different volume ratios of organic solvent: DI water were used (1:1, 2:1 and 4:1, respectively). The aim was to study the effect of using different polymerisation solvents on the morphology of the resulting hydrogel and how this impacts on the photo-actuation kinetics. Free-standing hydrogel discs of 1 mm diameter were successfully fabricated by photo-polymerisation through photo-masks using the set up shown in Figure 2 . Curing studies were done on each of the hydrogel cocktails with the aim of identifying how the use of different solvents would affect the polymerization process. This photo-curing behaviour was recorded using rheology ( Figure 3 ). The freestanding hydrogel discs were used to study both the morphology of the hydrogel using Scanning Electron Microscopy ( Figure 4 
EXPERIMENTAL Fabrication of hydrogel microstructures
For characterisation purposes, circular hydrogel microstructures were photo-polymerised through micropatterned masks using an in-house made cell which consisted of one lower 1H,1H,2H,2H-perfluorodecyltriethoxysilane functionalised glass slide (hydrophobic substrate) and an upper bare glass slide. The spacer size was set to 55 µm and the cell was filled by capillary action with the monomeric solution and subsequently exposed to white light irradiation for 15-30 seconds, depending on the monomeric cocktail used, through a mask consisting of 1 mm circles, for polymerization ( Figure 2 ). 
Rheology Analysis
Rheology curing measurements were carried out on the unpolymerised cocktail. White light curing was initiated after 60s. The measurements were carried out with an Anton Paar MCR 301 rheometer using a CP50-2 tool with a diameter of 49.97 mm and a cone angle of 1.996°.
SEM Analysis
The hydrogel samples were first swollen in DI water then frozen with liquid nitrogen and subsequently freezedried using a Labconco freeze-drier, model 7750060. The samples were kept for approx. 10h at 0.035 mBar pressure and temperature of -40 ˚C. The freeze-dried hydrogels were imaged using Scanning Electron Microscopy (SEM) performed on a Carl Zeiss EVOLS 15 system at an accelerating voltage of 14.64 kV. Samples were attached onto silicon wafers and coated with a 10 nm gold layer prior to imaging.
Photo-Actuation Measurements
For white light irradiation and shrinking measurements, the hydrogels were placed in an in-house built platform, comprising 2 cover glass slides separated by 500µm high spacers made out of pressure sensitive adhesive (PSA). The imaging was performed with an Aigo GE-5 microscope using a 60x objective lens. The light was provided by a Dolan-Jenner-Industrie Fiber-Lite LMI with a light intensity of ~210 kLux provided through two gooseneck waveguides placed 2-3 cm from the sample. Each sample was exposed to white light irradiation for 4 min, and then placed in the dark for further 11 minutes. The shrinking % was calculated using equation 1.
(1) measured area; area of fully hydrated gel.
RESULTS

Rheology Analysis
Rheology was used to study the effects of the polymerisation solvent on the curing times and properties of the hydrogels obtained in various binary solvent mixtures. For example, in the 2:1 v:v series, the mechanical properties of the hydrogel remained relatively unchanged after ~200s of white-light induced polymerization in the case of THF:DI water, and dioxane:DI water mixtures and after ~350s in acetone:DI water (Figure 3 ). After this point it appears that full polymerisation has occurred. In this series, the hydrogel polymerised in the presence of dioxane: DI water shows the highest storage modulus, suggesting that these hydrogels are more elastic and robust compared with the other organic solvents, making them easier to handle. 
SEM Analysis
The SEM study confirmed that the pore size depends on the solvent mixture used during polymerisation. For example, as the dioxane content is decreased compared to DI water in the polymerization solvent mixture, the pores become larger and the pore density decreases (Figure 4) .
The larger the pore density, the more water will be able to move in/out of the hydrogel matrix. This is directly demonstrated by the photo-induced shrinking/reswelling
kinetics of the resulting hydrogels (Figure 4 ). 
Photo-Actuation Measurements
The photo-actuation kinetics of the hydrogel were studied under different illumination conditions. By using different solvent mixtures during polymerisation, control over the photo-actuation properties was achieved. It was observed that both the organic solvent used and the solvent ratio employed have an important effect on the actuation kinetics. For example, when THF: water (4:1 v:v) was used as polymerisation solvent, a remarkable hydrogel contraction of ~50 % was recorded after 4 minutes of white light exposure. When subsequently placed in the dark, this hydrogel reswelled to ~82.5% of its fully hydrated size after 11 minutes ( Figure 5 and 6(b) ). The area change upon photo-illumination was considerably smaller in the case of 1:1 (v:v), THF:DI water, at ~38% area reduction after 4 minutes of white light irradiation. This hydrogel subsequently reswelled to ~91.5% after 11 minutes in the dark. The highest area change (~58.5% of the fully hydrated size) was obtained when acetone:DI water 4:1 (v:v) was employed as the polymerization solvent. This represents, to our best knowledge, the largest reversible photo-induced size change of a hydrogel in the absence of any other stimuli. Moreover, the shrinking and re-swelling processes can be repeated successfully, with good reproducibility (Figure 6d ). 
CONCLUSIONS
We have successfully demonstrated that the polymerisation solvent has a significant effect on the curing time, and the elasticity and morphology of the resulting hydrogel. The optimization of the polymerization solvent mixture produces hydrogels with faster and reproducible shrinking and reswelling cycles, and greater extent of shrinkage. than has previously been reported.
